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ABSTRACT 
This work proposes an integrated model with the main investment decisions involved in the 
transmission expansion planning using linearized version of an alternating current model. 
The main features of this model are the minimization of investments in new lines and/or reac-
tive power sources, in a multistage scenario considering the (N-1) security criterion. One of 
the innovations proposed in this work is the incorporation of non-conventional solutions for 
the transmission expansion planning problem, such as network reconfiguration and/or the 
repowering of some existing corridors, all within the alternating current analysis scenario. 
Currently, there are some works available in the literature that already use these solutions, 
however, only from the direct current analysis point of view, causing the reactive power plan-
ning to be tackled in a separate study. The main idea is to consider the most realistic problem 
as possible, while respecting the transmission network operation conditions. Finally, a search 
space reduction strategy is proposed in order to obtain a computationally efficient solution 
process. The proposed model was evaluated with small to medium size academic networks. 
 
Keywords: AC power flow. AC multistage transmission expansion. Reactive power planning. 
Mixed-integer linear programming. Search space reduction strategy. Security constraints. 
  
 
RESUMO 
Este trabalho propõe a integração, em um único modelo, das principais decisões de investi-
mento para obter a solução do problema de planejamento da expansão de redes de transmis-
são, considerando as equações linearizadas do modelo de corrente alternada. Dentre as princi-
pais questões envolvidas neste modelo, podem-se destacar o investimento em novas linhas 
e/ou fontes de potência reativa, em um cenário multiestágio atendendo o critério de segurança 
(N-1). A inovação deste trabalho de pesquisa está na inclusão de soluções não convencionais 
tais como a reconfiguração da rede de transmissão e o recondutoramento de alguns trechos 
existentes, tudo isso utilizando um modelo de corrente alternada. Na atualidade, existem na 
literatura pesquisas que consideram estas temáticas dentro do modelo em corrente contínua, e 
ainda considerando o planejamento de fontes de potência reativa de forma separada. A ideia 
principal é considerar as questões mais realistas possíveis tentando diminuir o investimento 
sem deixar de lado o cumprimento do fornecimento de energia e respeitando os limites de 
operação da rede. Finalmente, é proposta uma técnica de redução de espaço de busca de forma 
que o modelo proposto seja computacionalmente eficiente. O modelo proposto foi avaliado 
utilizando redes acadêmicas de pequeno e médio portes. 
 
Palavras-chave: Fluxo de potência CA. Planejamento da expansão de redes de transmissão. 
Planejamento reativo. Programação linear inteira mista. Redução de espaço de busca. Re-
strições de segurança. 
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1 INTRODUCTION 
In the last 50 years, the transmission expansion investment has been one of the biggest 
problems faced by the utilities. The personnel involved in this sort of study not only had to 
tackle the economic or financial problem, but also the energy supply commitment with all 
customers. If some investment aspect is neglected, it could trigger some problems in the nor-
mal transmission network operation. 
Usually, the transmission expansion planning (TEP) problem is solved based on the expe-
riences of the system planners in each utility, considering always the minimum investment 
solution techniques [1]. 
The TEP is considered as a classical problem in the electrical power systems area, being 
its main goal to find the optimal expansion plan, by specifying lines to be installed in the net-
work in order to allow a feasible operation in a pre-defined horizon, maintaining minimum 
investment cost [2].  
A simple mathematical model available in the literature is the Direct Current (DC) formu-
lation, where only the active power planning is considered [3]. This sort of model has been 
used since the 60’s until the beginning of the new millennium, where some Alternating Cur-
rent (AC) models were adopted in order to be more realistic when working with the TEP 
problem [3]. 
An important aspect of the DC (linear) formulation is that the optimal solution for the 
mixed linear programming problem is always obtained. On the other hand, when the AC 
(non-linear) model is directly applied, obtaining the global optimal solution for the TEP prob-
lem cannot be guaranteed, because of the mixed-integer non-linear programming (MINLP) 
nature of the problem [2]. The researchers in [2] proposed, according to their experiences, the 
inclusion of non-conventional solutions in the TEP problem, such as network reconfiguration 
and/or corridor repowering, by modeling the problem with the DC formulation. 
So far, the literature shows several models that include different characteristics, usually 
considered separately. Some of them are recognized as multistage and (N-1) secure. 
The idea of this research work is to propose a novel model that is as realistic as possible, 
considering the idea of including all or most of the network expansion decision alternatives in 
a unique, integrated model. In addition, a search space reduction technique is proposed, in 
order to result in a computationally efficient approach. 
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The proposed method is tested and evaluated with small to medium size academic trans-
mission networks. 
1.1 OBJECTIVE 
The objective of this research work is to obtain a TEP model that solves most of the 
electrical network requirements, while considering the transmission network behavior in 
short, medium and long terms. This model is developed as a mixed-integer linear program-
ming (MILP) problem, which solves the TEP multistage problem using a linearized AC mod-
el, considering (N-1) security criterion and concurrent reactive power sources planning, in-
cluding non-conventional solutions, such as network reconfiguration and corridor repowering. 
The proposed model is flexible, which means that each characteristic involved in the model is 
easily activated or deactivated. Moreover, in order to reduce the computational time and ef-
fort, a search space reduction strategy is proposed and applied in a linearized branch flow AC 
model. Finally, the solutions provided by the proposed method are evaluated in terms of the 
proposed investment and network configuration, considering the normal operational limits. 
1.2 RESEARCH JUSTIFICATION 
Currently, the financial-economic aspect of most utilities around the world has been 
one of the determinant factors when it is necessary to make short-, medium- or long-term de-
cisions. Until recently, the planning problem was treated from the active power model point 
of view, bringing about the reactive sources planning separately [4]. Even so, the TEP prob-
lem is considered a complex one and its solution involves two critical aspects, namely the 
mathematical model and the solution technique, in order to obtain an accurate yet efficient 
response. 
In addition, research work [4] discussed the possibility of including the reactive power 
planning into the TEP, which permits the evaluation of the advantages and disadvantages of 
the proposed model. 
On the other hand, the classical approach to the TEP problem is related to line invest-
ments only, that is, it considers the costs due to the construction of new lines. However, ac-
cording to transmission network specialists, the incorporation of non-conventional solutions 
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to the TEP model, such as repowering and/or reconfiguring of the network corridors could 
result in great improvements in the planning process [2]. Also, a significant reduction in in-
vestments is expected. 
Additionally, it is well known that in almost every transmission network there are 
some areas that are considered critical regarding the necessity to assure the continuously op-
eration for as long as possible [5]. Therefore, the (N-1) security criterion must be taken into 
account in the TEP problem, which expresses the capability of the network to operate under 
normal operation condition even if one existing corridor is out of operation [5].  
It is strongly recommended that the most plausible simple contingency constraints are 
added to the model. It is important to point out that the ideal case, where all contingency con-
straints are included in the model, would result in nonrealistic investments, as well as a com-
putationally expensive solution. 
The focus of this research work is to make an integration of the utilities’ general prac-
tices and the academic researches regarding the TEP problem. Furthermore, a search space 
reduction strategy [5] is adopted, to minimize the computational time and effort. 
1.3 LITERATURE REVIEW 
The TEP problem is considered very important for the electric sector, being related to 
the increasing power load demand over time [6]. The idea is to obtain an expansion plan 
which, in addition to the transmission lines reinforcement, meets all the requirements for a 
normal operation, minimizing the investment [6, 7] from the utility or government. 
Throughout this section, three main aspects related to TEP are addressed, namely the 
optimization model, the solution strategies to solve the model, and the computational time 
reduction techniques. 
1.3.1 OPTIMIZATION MODEL 
Regarding the optimization model, the TEP problem can be considered as a MINLP 
problem, which is very difficult to solve because of its combinatorial nature [6], which leads 
to an increasing number of solution alternatives, even in the case of small-sized networks [3]. 
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Considering the combinatorial issue and that a more accurate model to solve the TEP 
problem is based on the AC power flow equations, there are some proposals in the literature 
that work with this problem through relaxed models which consider only the active power 
part of the transmission network operation [5, 8]. 
Hence, a review of the models used for simulating the transmission network planning 
was made. The first model to solve the TEP problem was named Transportation model [9], in 
which only the capability corridor transmission problem is solved [10]. In the transportation 
model, the TEP problem is modeled as a MILP. The objective function in [9] represents the 
investment in construction of new lines; the constraints are related to the First Kirchhoff Law, 
transmission circuits’ capability, the generators operational limits, and the maximum lines 
allowed to be installed in each corridor. The great advantage of the transportation model is its 
linear nature. On the other hand, a critical disadvantage is related to not meeting the Second 
Kirchhoff Law. The solution is more complex when working with large-sized networks [10]. 
An alternative model for the TEP problem, named Hybrid model, was proposed in [10, 
11], in which the mathematical modeling is also represented as MILP problem. The term Hy-
brid is justified since the First Kirchhoff Law is applied to all the existing and new circuits, 
while the Second Kirchhoff Law is applied only to the existing loops in the base configuration 
[10]. The final behavior is the superposition of two networks; being the first one the base con-
figuration that meets both Kirchhoff Laws and the second one the complete network, with the 
new circuits, that meets only the First Kirchhoff Law. The objective function represents the 
investments in constructing new lines; the constraints are related to the First Kirchhoff Law, 
the Second Kirchhoff Law (only met for the base configuration), transmission circuits’ capa-
bility, the generators operational limits and the maximum lines allowed to be installed in each 
corridor. According to [10], the complexity of the Hybrid problem is nearly the same as the 
Transportation model, since it could be represented by a MILP model. 
The DC optimization model is adapted from the DC load flow formulation. In this 
model both Kirchhoff Laws are met for all existing and new circuits. The mathematical mod-
eling involves a MINLP with high complexity [10]. Due to nature of the MINLP, until now it 
is only possible to obtain good quality solutions. The objective function in the DC model rep-
resents the new investments in lines construction; the constraints are related to the First 
Kirchhoff Law, Second Kirchhoff Law, transmission circuits’ capability, the generators op-
erational limits and the maximum lines allowed to be installed in each corridor. 
The DC model can be transformed in an equivalent problem in which the mathemati-
cal modeling could be represented as a MILP problem. This new representation is well known 
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as the Disjunctive model [12]. Its main disadvantage is the increasing dimension of the prob-
lem due to the binary variables, whereas its great advantage is being a MILP model [10]. The 
objective function in the Disjunctive model represents the investments in the construction of 
new lines. The constraints are related to the First Kirchhoff Law, Second Kirchhoff Law for 
the existing lines and for the new lines, transmission existing and new circuits’ capability, the 
generators operational limits, the maximum number of lines allowed to be installed in each 
corridor, and the order of new lines’ additions. Within the Disjunctive model, it is possible to 
include some improvements such as network reconfiguration and corridor repowering, both 
known as non-conventional solutions [13]. 
It is possible to include the reactive power planning when working with the AC model. 
Due to its nature, this is considered as a MINLP problem. The objective function in the AC 
model includes the investments in new lines construction. The constraints are related to the 
First Kirchhoff Law, Second Kirchhoff Law for the existing lines and for the new lines, 
transmission existing and new circuits’ MVA capability, the generators operational active and 
reactive power limits, voltage limits, the maximum lines allowed to be installed in each corri-
dor, and the order of new lines’ additions. It is difficult to manage the TEP problem including 
reactive power planning, according to [10]. There are some studies based on the AC model 
that represent the TEP problem with a MILP model using a linearization technique as de-
scribed in [3, 4]. These references report different advantages of its use considering that the 
reactive power planning can also be included. Therefore, the TEP problem and the reactive 
power sources planning can be parts of one model. 
As described in [2, 13], the non-conventional solution candidates were inserted in the 
Disjunctive model [12] in order to obtain a solution to the TEP problem with less investment. 
It is possible to include the possibility of circuit reconfiguration, which can be described as 
follows. There are some situations in the existing network where the planner could section a 
line in order to create new lines without the necessity to build new ones. In the same way, the 
repowering takes advantage from the existing corridors in order to use the same towers and 
rights-of-way. In general, when it is possible to apply the reconfiguration, the line capability 
increases, and the line impedance varies due to the change in the cables. 
So far, it is easy to understand the conventional solutions as related to the construction 
of new lines or, in general, the construction or the insertion of new equipment. Under certain 
conditions, it is possible to include non-conventional solutions as the network reconfiguration 
and the repowering corridors. 
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In general, the models described above are considered as the base models for new ap-
proaches presented in the literature. Among the new approaches is the dynamic multistage 
planning, considering the load uncertainty or security constraints.  
In the 2000s, new research works used the AC model. The pioneering research group 
[14] presented a model to solve the TEP problem according to reference [4]. In [4], an ap-
proach is used that applies the linearized AC model, incorporating the new line and reactive 
power fixed sources investments, the (N-1) security criterion and the multistage planning. 
Even though the linearized AC model is used, it is possible to identify some difficulties when 
working with large-sized networks, due to the high computational time or hardware require-
ments needed. 
Intermittent renewable energy generation and the stochastic nature of the load is con-
sidered in [1]. The introductory section of [1] mentions that chance-constrained programming 
is applied to transform the probabilistic nature of the problem into a deterministic model to 
deal with the load and wind farm uncertainties. Reference [1] included a solution to deal with 
those stochastic issues. 
1.3.2 SOLUTION STRATEGIES 
This section is related to the solution strategies to solve the optimization model. It is 
possible to find in the literature some techniques based on mathematical programming, and on 
heuristics or meta-heuristic processes. 
A heuristic process consists of a set of techniques in order to solve problems with high 
difficulty level. They can be based on Artificial Intelligence, which generally helps to solve 
combinatorial problems, but they are also applied to solve non-linear programming (NLP) 
problems [15]. A meta-heuristic process is a more efficient heuristic process, in which the 
processing time could be calibrated for each application [11]. 
A heuristic technique known as constructive algorithm [9] was first proposed to solve 
the transportation model. The author of [9] proposed a solution method based on relaxing the 
integrality nature of the decision variables, so the problem became a linear programming (LP) 
one. 
Since [9], many heuristic techniques have been proposed in the literature to solve the 
transmission expansion planning problem. It is important to point out that the solution provid-
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ed by such methods cannot be guaranteed as the global optimal one [10], despite the solutions 
are usually good quality ones. 
A modification was made in the heuristic process in order to apply it for the multistage 
planning [16]. Based on this study other approaches used the same modified algorithm [16], 
and they extended it in order to obtain the solution for the TEP problem when using the AC 
model [17, 18]. 
In the 90’s, other studies were presented related to new heuristic process techniques 
which showed some particularities such as the capability to calibrate the solution time for 
each application [10]. They were named as meta-heuristic processes. Among them are the 
genetic algorithm [19], fuzzy logic [20], GRASP [21], particle swarm [22] and ant colonies 
[23]. According to [10], the main meta-heuristic applications to obtain high quality solutions 
for the TEP problem were presented in references [24, 25, 26, 27, 28, 29, 30, 31]. 
Like the heuristic processes, the meta-heuristic ones present high quality solutions for 
the TEP problem, but the global optimal solution cannot be guaranteed. An important ad-
vantage of the meta-heuristic processes is that they are easy to program, and in most cases 
they have excellent behavior when applied to electric power system problems. Finally, refer-
ence [13] shows the mathematical formulations using LP [9], MILP [12, 32, 33], and MINLP 
[14, 34]. 
According to [13], the use of mathematical programming began in the early 70’s, pre-
senting techniques such as Benders Decomposition. In [8], this technique has been used with 
different type of network models. Although this technique works for small and medium sized 
systems, the computational effort for larger systems can be prohibitive. Numerical stability 
problems, as well as local optimal solutions, have also been reported [8]. Reference [8] high-
lights that the Branch and Bound algorithm has been used in connection with the transporta-
tion model. Then, at the beginning of this millennium, heuristic and meta-heuristic techniques 
appeared in order to minimize the computational time and effort involved in the TEP problem 
solution process. 
So far, the researchers’ motivation has been, and probably will be, to obtain better re-
sults for actual power systems, including new expansion possibilities and working with in-
creasingly more complex combinatorial problems, considering the mathematical solutions 
will lead to global optimal solutions for the whole problem. 
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1.3.3 COMPUTATIONAL TIME REDUCTION TECHNIQUES 
There are approaches that consider (N-1) security and multistage planning within the 
TEP problem [5, 10] using the Disjunctive linear model and linearized AC model [3]. The 
performances of these methods are very good from the computational time point of view, 
when working with small-sized, academic transmission networks. On the other hand, when 
either the network size and/or the respective decision variables increase, the computational 
time increases exponentially. This problem motivated further research based on the use of 
search space reduction strategies to solve it [3, 5, 10]. 
The only disadvantage of applying search space reduction strategies is that it is impos-
sible to guarantee the global optimal solution for the TEP problem. However, when the cor-
rect strategy is used, it is possible to obtain the optimal solution or a high-quality solution 
which could be close to the global optimal solution [3, 5, 10]. 
Another application of the search space reduction strategy [3] uses the linearized AC 
model. An important advantage of applying the search space reduction strategy is presented 
and the solution is the global one when working with the IEEE-24-bus system [3]. The tech-
nique was extended to medium-sized network IEEE-118-bus system [35]. 
As a conclusion of this literature review, it is possible to verify the significant advanc-
es in methodologies to solve the TEP problem, improving their performances. The importance 
of this research work lies on proposing a unique model which includes the most important 
features of the methodologies described previously, such as linearized AC model, search 
space reduction strategy, incorporation of non-conventional solutions in addition of the multi-
stage planning considering (N-1) security for the academic transmission networks for short-, 
medium- or long-term utility applications. 
1.4 CONTRIBUTIONS 
This study proposes a linearized AC multistage model for TEP problem. Besides the 
installation of new lines, the integrated model considers RPP, (N-1) security, network recon-
figuration and corridor repowering. The main contributions of this paper are: 
a) The presentation of a novel, integrated AC linearized model for the TEP problem in-
cluding the network reconfiguration and corridor repowering of existing resources, re-
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ferred to as non-conventional solutions, besides new lines and new reactive power 
sources, referred to as conventional ones. 
b) The consideration of those non-conventional solutions results in lower investment costs, 
once part of the existing infrastructure is maintained. 
c) The inclusion of the non-conventional solutions is done in such a way as to not change 
the MILP nature of the TEP problem, allowing the computation of an optimal solution 
with a commercial solver. 
d) Another innovation of this research work is the presentation of an improved search 
space reduction strategy applied to the integrated model, in order to solve the TEP prob-
lem at a low computational time. 
1.5 ORGANIZATION 
This work has been structured as follows. In Chapter 2 the methodology applied in this 
research is presented in a general form. Additionally, the behavior of each block that compris-
es the proposed integrated model is presented in detail, namely the reactive power planning, 
(N-1) security constraints, network reconfiguration and corridor repowering, all of them in a 
multistage framework. 
Chapter 3 presents the proposed integrated model applied to Garver and IEEE 24-bus 
systems. Also, the proposed search space reduction strategy is proposed and applied to the 
IEEE 24-bus system. 
Chapter 4 presents the simulation results. First, the proposed integrated model is ap-
plied to the IEEE 24-bus system. Then, the proposed search space reduction strategy is tested 
with IEEE 24-bus, IEEE 118-bus and IEEE 300-bus systems, in order to reduce the computa-
tional for solving the TNEP problem. 
Finally, Chapter 5 contains the conclusion of the present research work and possible 
future works. 
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2 METHODOLOGY 
In order to place together the different features described in the literature review in one 
integrated model, the description of the proposed model is divided as follows: the linearized 
AC model, shunt reactive power sources planning, multistage planning, (N-1) security [4], 
network reconfiguration, corridor repowering [2, 13].  
According to Figure 2.1, the power system planner must define the needs or the prob-
lems to be solved by the proposed methodology. There are some research works that consider 
the expansion planning problem divided into three stages [3, 4, 5]. For example in [2] the 
planning horizon is 15 years, divided into three planning stages of five years each. In addition, 
it may also be required that different load levels be taken into account. In the proposed model, 
light, average and heavy loads is considered. As mentioned before, the innovation proposed 
here is the inclusion of non-conventional solutions (network reconfiguration and corridor re-
powering) in the proposed linearized AC model as an integrated one in order to obtain the 
optimal expansion plan for the TEP problem. 
Figure 2.2 shows another innovation of this research work, related to the application of 
a search space reduction strategy to the integrated model, in order to obtain high quality solu-
tions for the TEP problem at a low computational cost. 
Finally, the idea of this research work is to integrate all blocks on the left from Figures 
2.1 and 2.2 into a unique integrated model in order to obtain a high-quality solution for the 
TEP problem applied to transmission networks that requires an expansion plan for the next 
years. 
In this chapter, the idea is to gradually build the proposed method, by describing in de-
tail how the different planning solutions are mathematically represented in the model. The 
integrated model is then tested and evaluated in Chapter 3. Finally, the proposed search space 
reduction technique is incorporated into the model and tested in Chapter 4. 
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Figure 2.1 – Flowchart of the proposed methodology, part 1. 
 
Figure 2.2 – Flowchart of the proposed methodology, part 2. 
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2.1 BASIC TEP PROBLEM 
The basic TEP problem consists of defining the location, the quantity and the installa-
tion time of the new network elements, such as lines and/or reactive power sources, within a 
pre-defined time horizon [2, 3]. Another good definition of the basic TEP problem establishes 
that the idea is to obtain the position, the number, and the time when the new lines must be 
ready to operate in the transmission network in order to meet the future load energy demand 
with minimum cost [36, 37]. 
2.1.1 ACTIVE POWER CLASSIC TEP PROBLEM 
The well-known Garver 6-bus test system [9] is used to define the classical TEP prob-
lem. The data for this test system is shown in Annex. 
In Figure 2.3 it is possible to identify the existing network with continuous lines. This 
existing network contains 6 buses, 6 lines, 3 generators and 5 loads. The dashed lines corre-
spond to the candidate transmission lines. 
 
Figure 2.3 – Garver system. Adapted from [13]. 
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Figure 2.3 was adapted from [13], thus it only shows the active power part of the net-
work. The Disjunctive model [12] is defined as follows. 
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The idea of this model is to make an optimal decision about investing or not in new 
lines (by determining binary variables     ). The model with the objective function (1) and 
constraints (2)-(12) provides the best planning solution for this system, considering the active 
power / angle model only. Objective function (1) represents the total investment required for 
adding new lines to the transmission system. Constraint (2) corresponds to the active power 
balance for each bus  . Constraints (3) and (4) represent the application of the Second Kirch-
hoff Law considering the existing and new lines, respectively. Equations (5) and (6) show the 
maximum power flow limits for existing and new lines, respectively. The generation limit in 
each bus is shown in (7). Constraint (8) represents the phase angle limit for each bus. The 
maximum number of lines to be installed in each corridor is shown in (9). Equation (10) as-
sures the non-repetitive solutions and/or the sequential installation of the lines in each corri-
dor. Equation (11) specifies the system’s slack bus. Finally, constraint (12) represents the bi-
nary nature of the decision variables. 
A summary of the disjunctive model is shown below. 
Disjunctive model 
Objective Function:  (1) 
Constraints:  (2)-(12) 
Table 2.1 shows the optimal plan (new lines to be inserted) for the Garver system. 
This plan is in accordance with the well-known results found in the literature, as for example 
in [13]. 
Table 2.1 –Optimal planning solution – classic disjunctive model 
3 5 1
4 6 3
Investment 
Cost        
[MUS$]
1 110.00
Corridor
Stage
i j
Number 
of lines
 
It is important to mention that this investment plan considers one-time stage (static 
problem) and one load level only, therefore, it could be considered the most basic TEP prob-
lem.  
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2.1.2 LOAD DEMAND LEVELS 
Any TEP model for practical applications should consider the regulations required by 
the power utilities and regulatory agencies. For instance, the master plan for electrification 
from the Consejo Nacional de Electricidad (CONELEC), Ecuador [38] defines the appropriate 
policy when working with load demand levels over time. This policy establishes that the load 
behavior is similar to the National Gross Domestic Product (GDP). Also, annex 5.9 of [38] 
shows a table (see Table 2.2) that considers the load demand behavior over time, separated by 
levels. 
Table 2.2 – Load demand scenarios. Source: [38] 
LIGHT AVERAGE HEAVY
2008 15461 15461 15461
2009 16057 16205 16367
2010 17099 17453 17782
2011 18504 19032 19524
2012 19270 19980 20650
2013 20056 20956 21818
2014 20847 21952 23025
2015 22349 23677 24978
2016 23974 25542 27090
2017 25548 27376 29189
2018 27096 29203 31302
2019 28465 30873 33281
2020 29633 32363 35103
NIS LOAD ENERGY FORECAST (GWh)
YEAR
SS BUSES
LOAD SCENARIOS
 
 
From Table 2.2 it is possible to obtain the policy for the light and heavy load varia-
tions with respect to an average level. In the first forecast year (2009) the light and heavy de-
mands represent 99% and 101% of the average level, respectively, whereas in the last forecast 
year they represent 91% and 109%, respectively. 
Even though the average level is almost always the one selected to elaborate all trans-
mission expansion plans, the other two load scenarios should be ready to be used, and the plan 
should be updated, when the load growth in a certain period changes its behavior. 
Changes in the proposed mathematical model to solve the TEP problem when the de-
mands vary from light to heavy levels are straightforward. This is shown in Chapter 3, where 
simulations for different test transmission systems, under different load levels, are presented. 
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2.2 LINEARIZED AC MODEL  
An in-depth description, from the mathematical model for the AC load flow up to the 
branch flow linearized AC model for concurrent AC multistage transmission expansion model 
is made in [3, 4, 37]. The following sections contain a brief description of the whole process. 
2.2.1 BRANCH AC LOAD FLOW MODEL 
In [4, 37], there is an exact mathematical representation (14)-(18) for the branch AC 
load flow. This mathematical equations are a representation of the load flow equations that 
could be used in the formulation, for example, in order to minimize network power losses, 
adding the objective function (13) subject to the equations of the branch AC load flow (14)-
(18), described by the following equations. 
              ∑         
 
     
  (13) 
Subject to: 
 
  
  ∑    
     
 ∑ (          
 )
     
   
    
    
         (14) 
  
  ∑ (         
   )
     
 ∑ (         
          
 )
     
    
    
    
         (15) 
  
     
  [ (             )     
    
 ]         (16) 
       (     )  (             )         (17) 
   
    
     
     
          (18) 
According to [37], the voltage phase angle of the slack bus and the voltage magnitudes 
of the PV buses in the AC load flow model (13)-(18) were set appropriately. The objective 
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function is related to the transmission network power losses. Constraints (14) and (15) repre-
sent the active and reactive power balances, respectively. Equations (16) and (17) are the con-
straints for the voltage magnitude and phase angle difference for each line   . Finally, (18) 
represents the current flow through corridor   .  
It is important to emphasize that the mathematical equations of the AC load flow (14)-
(18) were used in this simple optimal model by adapting their equations as constraints and 
adding (13) as objective function. Since there are no decision variables associated to this 
problem, the solution of this optimization problem is identical to the conventional load flow 
problem. 
2.2.2 LINEARIZED BRANCH AC LOAD FLOW MODEL 
The model described by (13)-(18) is a NLP, due to its quadratic variables and some 
other non-linear multiplications. According to [37] it is possible to obtain a corresponding 
linearized model with minor approximations. 
The linearized model is obtained through some variable changes. For example, the 
voltage and current magnitudes are quadratic ones, so, the following variable changes are de-
fined and used in (13)-(16) and (18). 
  
       
    
       (19) 
   
        
     
       (20) 
Also, reference [37] considers that the angle difference between neighbor buses is 
small, therefore, for angles expressed in radians the following approximation holds. 
   (     )  (     )  (21) 
 
The voltage magnitude for each bus must be near 1 p.u., therefore near the nominal 
voltage magnitude. So, the following approximation also holds. 
       
       
   (22) 
Finally, according to [3, 4, 37], equation (18), which has in its right-hand side the 
quadratic variables    
  and   
 , must be replaced by the following linearized equations. 
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Equations (23)-(30) are linear. Constraint (23) is a linearized representation of the nonline-
ar relationship between active power, reactive power, voltage magnitude and current flow 
magnitude, in corridor   . Constraints (24)-(30) are related to internal auxiliary variables with-
in the linear representation of the nonlinear current flow magnitude calculation. Constraints 
(28) and (29), as in [4,37] establish that    
 
 (     )  ⁄  and     
           
 
, where   is 
the total number of linearization steps. For the sake of illustration, Figure 2.4 shows the 
piecewise linearization representation of     
  and    
 . 
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Figure 2.4 – Piecewise linearization for    
  and    
 . Source: [37]. 
2.2.3 LINEARIZED BRANCH FLOW MODEL FOR AC TRANSMISSION EX-
PANSION PLANNING 
It is possible to use the linearized AC load flow equations model in a TEP problem 
formulation model. The idea of this model is to make an optimal decision about investing or 
not in new lines (by determining binary variables      ). Initially, the main minimization 
problem can be stated as [3, 4, 37]: 
   (            ∑ ∑    
       
        
) (31) 
Equation (31) is related to the investment in new lines. Index   is related to the possi-
ble line installation options in a transmission corridor   . Binary variable      indicates which 
option is selected [4, 37]. Figure 2.5 shows how the   equivalent line option works in this 
model. 
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Figure 2.5 – Different line installation options [37] 
The idea of this set of possibilities is to allow the model to select which combination is 
the most attractive for the TEP solution investment over the time. If y = 0, no lines will be 
added to corridor   . If y = 1, only one line will be added to corridor   , and so on. Parameter 
      (   
   ) represents the number of lines for each corridor   , so    
  indicates the ex-
isting lines. All the equivalent line parameters are a result of the combination selected, as fol-
lows [37]. 
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                 (34) 
The following line parameters are valid when        : 
                                   (35) 
                                  (36) 
When         , the equivalent line parameters are shown in (37) and (38). Equations 
(39)-(41) define the quadratic current magnitude, active and reactive power flows in those 
corridors when        . 
                           (37) 
38 
 
 
                           (38) 
                           (39) 
                           (40) 
    
                          (41) 
The constraints of the model for the TEP problem are shown next. Equations (42) and 
(43) represent the active and reactive power balance equations for all buses. 
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Constraints (44) and (45) represent the terminal voltage magnitude and angle differ-
ence for each line   . 
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According to [4, 37] auxiliary variables are created for voltage magnitude and angle 
differences, as follows. Constraints (46) and (47) show the behavior of auxiliary variables 
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  and        
 , which are used to obtain the voltage magnitude and angle difference in each 
line   . 
|   
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         (47) 
When both auxiliary variables are equal to zero, it means there is at least one line in 
corridor   . 
Equation (48) is a linearized representation of the nonlinear relationship between ac-
tive power, reactive power, voltage magnitude and current flow magnitude, of the equivalent 
circuit of   lines in corridor   . 
    
     
    ∑      
       
  ∑       
       
 
 
   
 
   
                (48) 
Constraints (49)-(55) are related to internal auxiliary variables within the linear repre-
sentation of the nonlinear current flow magnitude calculation. Constraints (53) and (54), as in 
[3, 4, 12, 37] establish that      
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number of linearization steps. 
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The effect of including new lines in the existing topology is shown in (56) and (57), 
which describes the shunt elements of each new line. 
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Constraint (58) establishes that only one configuration of   lines must be selected, 
while (59) shows the maximum number of lines that could be added to corridor   . 
∑    
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Constraints (60)-(61) establish the current flow magnitude in corridor   , the minimum 
and maximum voltage magnitude in each bus  . Constraints (62) and (63) show the generator 
active and reactive power limits. Constraint (64) establishes the maximum voltage angle dif-
ference variation in each bus  . 
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Constraint (65) requires that the phase angle of the reference bus must be equal to zero 
[37]. 
                                                            (65) 
Finally, the binary behavior of       is expressed in (66). 
                                               {   }                (66) 
The summary of linearized AC model that only allows investments in new lines is 
shown below. 
Linearized AC model for TEP problem – Line investments only 
Objective Function:  (31) 
Constraints:  (42)-(66) 
The Garver 6-bus system was selected for the simulations of the mathematical model 
above. This problem was implemented in the mathematical modeling language (AMPL) [39] 
and solved by the optimization commercial solver CPLEX [40]. 
From Table 2.3 it is possible to see the optimal expansion plan considering the linear-
ized AC model. Corridors 3-5 and 2-6 require one new line, respectively, and two new lines 
are required in corridor 4-6. The expansion plan has an investment cost of MU$ 110.00. By 
comparing Tables 2.1 and 2.3, the investment costs are the same, but instead of three new 
lines in corridor 4-6 (Table 2.1), it requires only two new lines in that corridor, but also re-
quires one new line in corridor 2-6. 
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Table 2.3 – Expansion planning solution considering the linearized AC model – Garver system 
3 5 1
2 6 1
4 6 2
110.00
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines
 
2.3 REACTIVE POWER PLANNING 
It is possible to expand the TEP problem model shown in the previous section by in-
corporating the reactive power planning. The idea of this model is to make an optimal deci-
sion about investing or not in new lines (by determining binary variables     ) and new fixed 
reactive power sources (by binary variables     ). 
According to [3, 4, 37], the expansion cost investment must be modified. Also, addi-
tional constraints must be added to the model, as described below. The effect of including 
new fixed reactive power sources in the existing topology appears in the second element in 
the right-hand side of equation (67). 
   (            ∑ ∑    
       
        
 ∑ ∑  
        
       
) (67) 
Similarly to the effect of including new lines, the effect of including new fixed reac-
tive power sources in the existing topology is shown in (68) and (69). 
  
 
(      ) 
        
      
           (      ) 
                 (68) 
     
          
         
 
                  (69) 
Constraint (70) establishes the maximum number of reactive power sources that could 
be connected to bus  , while (71) establishes a specific precedence order to include those 
sources. 
∑    
   
           (70) 
                                                                                    (71) 
The summary of the model is shown below. 
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Linearized AC model for TEP problem – Line and re-
active power source Investment 
Objective Function:  (67) 
Constraints:  (42)-(66); (68)-(71) 
Again, the Garver 6-bus system was selected for the simulation and evaluation of the 
proposed model. The reactive power source consisted of modules of 0.2 p.u., with a cost,   
  , 
of MUS$ 0.05 each. The candidate buses to receive such reactive power sources are 2, 4 and 
6. Table 2.4 shows the optimal expansion plan in this case. 
Table 2.4 –Expansion planning solution considering new line and reactive power source investments – 
Garver system 
Bus
3 5 1
2 6 1
4 6 1
80.05
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines i
Reactive 
power 
Sources
4 1
 
New lines are needed in corridors 3–5, 2–6 and 4-6, as well as one new reactive power 
source at bus 4. The expansion plan has an investment cost of MU$ 80.05. 
Comparing the investment plans of Tables 2.3 and 2.4, the consideration of reactive 
power sources resulted in a cost reduction, from MUS$ 110.00 to MUS$ 80.05. Therefore, 
allocating a new reactive power source at bus 4 results in less new lines and lower investment 
cost. 
2.4 (N-1) SECURITY CONSTRAINTS [3, 4, 37] 
This section describes the incorporation of (N-1) security constraints related to both exist-
ing and new lines. In this model matrix   is introduced, sized         , and it is filled by 0 
and 1 elements. If        , a contingency occurs at line    in scenario  , else         [3, 4, 
37]. Due to the contingency nature, all operational variables, as well as the network con-
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straints, depend on the selected contingency scenario  . Therefore, the number of operational 
variables increases [4, 37]. 
On the other hand, the investment formulation does not depend on the contingency nature, 
so the line binary variables remain the same. The idea of this model is to make an optimal 
decision about investing or not in new lines (by determining binary variables     ). When the 
base scenario is analyzed, the maximum current and apparent power through line    are  ̅       
and  ̅       respectively. However, it is assumed that both limits increase by 10-20% under 
contingency condition. This idea appeared in [5, 40]. 
The proposed model maintains the same objective function and the cost expansion be-
havior described in equations (31) and (42)-(66). The constraints are described below based 
on their main blocks. Note that index  , related to the (N-1) security criterion, is added to the 
variables, whenever appropriate. 
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In summary, the problem now is formulated as follows. 
Linearized AC model for TEP problem – Line invest-
ment, with (N-1) security criterion 
Objective Function: (31) 
Constraints: (58)-(59); (66); (72)-(93) 
The simulation for this mathematical model was done for the Garver 6-bus system. 
The (N-1) security criterion considered 9 operational scenarios, from which 8 are contingency 
scenarios, involving the outages of lines (1-2), (1-4), (1-5), (2-3), (2-4), (2-6), (3-5), and (4-6). 
Table 2.5 shows the optimal expansion plan for the TEP problem. New lines are re-
quired in corridors 3–5 and 2–6, respectively. Also, three new lines are needed in corridor 4-6. 
The expansion plan has an investment cost of MUS$ 140.00. 
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Table 2.5 – Expansion planning solution with (N-1) security criterion considering new line investment 
– Garver system 
3 5 1
2 6 1
4 6 3
140.00
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines
 
By comparing Tables 2.3 and 2.5, the investment cost increases from MUS$ 110.00 to 
MUS$ 140.00, due to the inclusion of (N-1) security constraints. The number of lines that 
were added to the network considering the security criteria increased. This increment results 
from the need of maintaining acceptable operational conditions in case any of those 8 contin-
gency scenarios do occur. 
In order to validate the proposed model, a power flow was run for all contingency sce-
narios using the package MATPOWER [41], using the topology defined by the proposed ex-
pansion planning model. Table 2.6 summarizes the results. The low errors show that the opti-
mal expansion plan does provide the means for the system to survive the predefined contin-
gencies. Moreover, they show the good quality of the linearization scheme. 
Table 2.6 – Operational point deviation – Garver system 
V i,t,c Ѳ i,t,c P ij,y,t,c Q ij,y,t,c
Maximum 1.38 1.45 4.08 8.32
Mean 0.23 0.48 0.53 0.53
VARIABLE
Deviation (%)
 
2.5 NETWORK RECONFIGURATION [2, 13] 
Assume that buses  ,   and   belong to a certain network, and that a corridor between 
        already exists. Assume also that it is possible to sectionalize corridor   , and further 
connect bus   to bus   and bus   to bus   as well. Figure 2.6 illustrates this procedure. 
From the mathematical model standpoint, one must create fictitious buses in the sec-
tionalized point, so the new line corridors will contain this path. If corridor    is a candidate to 
undergo reconfiguration, its sectionalizing will result in creating fictitious buses a and b. Al-
so, the following lines must be part of the system’s database:    -    –    –    –   . 
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Figure 2.6 – Illustration of the network reconfiguration. 
In case the reconfiguration actually occurs, corridor    must be taken out of service, 
whereas corridors    –   must be operating. On the other hand, if reconfiguration is not 
needed, corridors    –   must be out of service, whereas corridor    must be operating. In 
both cases, corridors    –   must be operating. 
As line investments are related to decision variable     , it is necessary to include two 
new constraints associated to the reconfiguration process as follows. 
                                                                                              (94) 
                                                                                                 (95) 
Constraint (94) establishes that lines ak and bk must be simultaneously either in or out 
of operation. 
Constraint (95) establishes that, if reconfiguration is selected, it is mandatory to sec-
tionalize the original corridor (  ). On the other hand, if reconfiguration is not selected, corri-
dors    and    must be out of service. 
The proposed model now can be summarized as follows. 
Linearized AC model for TEP problem – Line and reconfiguration 
investment 
Objective Function:  (31) 
Constraints:  (42)-(66); (94)-(95) 
 Corridor Candidate Corridor Candidate 
𝑖 𝑗𝑖 𝑗 
𝑘 𝑘 
𝑎 𝑏 
1. - Original Configuration 2. – Reconfiguration possibility 
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The effects of including the reconfiguration in the model were tested using the Garver 
system. The maximum apparent power flow in each line of the reconfiguration section is the 
same as the original corridor (2-4). The maximum number of candidate lines in corridor (6-7), 
(6-8) is one, the equivalent line   resistance and reactance in corridor (6-7), (6-8) are 0.03 and 
0.1 p.u. respectively. Finally, the equivalent line   cost in corridor (6-7), (6-8) is MUS$5. Fig-
ure 2.7 shows the one line diagram of the Garver system [9], where it is possible to see that 
line 2-4 may be sectionalized, as fictitious buses a and b are provided. 
 
 
Figure 2.7 – Reconfiguration test - Garver system. Adapted from [9]. 
The optimal expansion planning is in Table 2.7, in which it is possible to see the addi-
tions required in each stage. 
 
Table 2.7 – Expansion planning solution considering reconfiguration – Garver system 
3 5 1
2 6 1
4 6 1
1
90.00
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines
Reconfigure  
According to the planners, reconfiguration is cheaper than building new lines. There-
fore, the optimal expansion plan of Table 2.7 is cheaper than the one of Table 2.3. The inclu-
sion of reconfiguration resulted in a cost reduction from MUS$ 110.00 to MUS$ 90.00. The 
number of lines that were added to the network was smaller. 
Figure 2.8 shows the one line diagram corresponding to the optimal expansion plan. 
Note that line 2-4 was sectionalized and buses 2 and 4 were connected to bus 6. 
 
2 
D1 
1 
4 
G
D4 
6 
G
D3 
G
3 
D5 
5 
D2 
𝑎 𝑏 
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Figure 2.8 – TEP solution plan considering reconfiguration – Garver system. 
Again, package MATPOWER [41] was used to run the load flow for the optimal sys-
tem’s topology, and the error with respect to the linearized model are shown in Table 2.8. 
Table 2.8 – Operational point deviation – Garver system 
V i,t,c Ѳ i,t,c P ij,y,t,c Q ij,y,t,c
Maximum 1.14 1.49 4.16 7.75
Mean 0.16 0.58 1.95 1.22
VARIABLE
Deviation (%)
 
2.6 CORRIDOR REPOWERING [2, 13] 
Corridor repowering is another non-conventional planning option that is added to the 
proposed model. The main idea is to increase the transmission line capacity, while taking ad-
vantage of part of the existing infrastructure, such as towers and rights-of-way [13]. 
According to [42], repowering consists of increasing the transmission power capability 
of a line without building new infrastructure or modifying the existing layout of the line. Re-
powering may include increasing the voltage level, but this type of solution was not consid-
ered since the main idea of the non-conventional solution in the present work is to reduce the 
investment cost as low as possible. 
The general idea of the corridor repowering is to increase the corridor’s power flow 
limit, and consequently the line impedance varies due to the change of cables.  
In the base case network, corridor    has a certain number of lines. Therefore, this cor-
ridor has an equivalent impedance     and a maximum power flow limit    . In order to take 
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advantage of the existing infrastructure, the repowering of corridor    may be required. This 
solution for the TEP problem becomes attractive when rights-of-way are more difficult to 
obtain in order to expand the transmission network. Moreover, this sort of solution is cheaper, 
with less environmental impact involved in the TEP problem. 
There is an assumption made in this case, namely the voltage level change is not con-
sidered when repowering is defined. Figure 2.9 illustrates the repowering applied to the mod-
el. 
 
Figure 2.9 – Illustration of the corridor repowering. 
In order to include repowering in the mathematical model, it is necessary to include 
new additional information into the model data file, as shown in Table 2.9. 
Table 2.9 – New additional data - repowering 
Data Description 
 ̅  
   
 Maximum apparent power flow in each line of the corridor    to be repowered 
   
   
 Resistance for each line in the corridor    to be repowered 
   
   
 Reactance for each line in the corridor    to be repowered 
   
       
 Susceptance for each line in the corridor    to be repowered 
  ̅  
   
 Maximum apparent power flow limit in corridor    repowered, equivalent    
    
     
 
Upper bound of each block of the power linearization of corridor    repowered, equivalent line 
  
    
   
 Equivalent line   resistance in corridor    repowered  
    
   
 Equivalent line   reactance in corridor    repowered  
    
       
 Shunt equivalent line   susceptance in corridor    repowered 
  ̅  
   
 Maximum Current flow limit in corridor    repowered, equivalent   
   
   
 Corridor    repowering cost 
    
   
 New single line cost in the corridor    repowered 
    
     
 Equivalent line   cost in corridor    repowered 
 
Corridor Candidate 
𝑖  𝑗  
𝑥𝑖𝑗 
Corridor Candidate 
1. - Original Corridor 2. – Corridor Repowering 
𝑆𝑖𝑗
𝑛 
𝑖  𝑗  
𝑥𝑖𝑗
′  ≠ 𝑥𝑖𝑗 
𝑆𝑖𝑗
′
  𝑆𝑖𝑗 
𝑛 
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In addition of the new data, it is necessary to add new variables to the model, as shown 
in Table 2.10. 
Table 2.10 – New variables of the model – repowering 
Data Description 
    
   
 Current flow magnitude in equivalent  , corridor    repowered 
    
       
 Square of current flow      
   
 
    
   
 Active power flow in equivalent line  , corridor    repowered 
       
     
 Values of the  -th block associated with active power flow in corridor    repowered, equivalent line   
    
     
 Auxiliary variable in the calculation |     
   | 
    
     
 Auxiliary variable in the calculation |     
   | 
     
   
 Reactive power flow in equivalent line  , corridor    repowered 
       
     
 
Values of the  -th block associated with reactive power flow in corridor    repowered, equivalent line 
  
    
     
 Auxiliary variable in the calculation |     
   | 
    
     
 Auxiliary variable in the calculation |     
   | 
      
       
 Reactive power injection at bus   due to the shunt equivalent line  , corridor    repowered 
      Decision variable for repowering corridor    
    
   
 Decision variable for construction of equivalent   line in corridor    repowered 
In contrast to network reconfiguration, where just two new constraints were added to 
the model, corridor repowering requires modifying several equations, as shown below. 
The expansion cost     of the objective function is represented by the following equa-
tions: 
   (            ∑ ∑     
        
        
 ∑    
       
         
     
 ∑ ∑     
            
   
        
) (96) 
Power Balance constraints  
  
  ∑ ∑(           
   
)
        
 ∑ ∑(           
              
         
        
       
)
        
   
    
      
   (97) 
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Terminal voltage magnitude and angle difference constraints 
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Current Flow magnitude constraint 
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Internal variables related to current flow magnitude constraint  
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Representation of the effect of including new lines 
The effect of including new lines in the corridors that were repowered is shown in 
(109) and (110), which describe the shunt elements of each new line. For equations (101) to 
(110), it is necessary to indicate they are new constraints that must be added to the model. 
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           (       
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 (109) 
     
          
               
             
    
 
     
        
                                 
 (110) 
∑           
   
   
                (111) 
∑        
   
   
     
             (112) 
∑     
   
   
       
             (113) 
∑     
   
         
             (114) 
Limit constraints in the repowered corridors 
       
             
        
     
               (115) 
A summary of the proposed model after including repowering is shown below. 
Linearized AC model for TEP problem – Line, repowering 
Objective Function:  (96) 
Constraints:  (42)-(57); (59)-(66); (97)-(115) 
A simulation including repowering was made for the Garver system. The repowering 
is allowed in corridor (3-5). The maximum apparent power flow in the repowered corridor is 
twice the original corridor. The equivalent line   resistance and reactance in the repowered 
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corridor are 0.02 and 0.1 p.u. respectively. Finally, the equivalent line   cost in the repowered 
corridor is MUS$10. Figure 2.10 shows again the one line diagram of the Garver system [9].  
 
Figure 2.10 – Repowering test – Garver system. 
The optimal expansion planning solution for this example is shown in Table 2.11, 
where it is possible to verify the investment required under the initial assumptions. 
Table 2.11 – Expansion planning solution – repowering - Garver system 
2 6 1
4 6 2
1
100.00
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines
Repowering
 
By comparing the investment plans of Tables 2.3 and 2.11, considering repowering is 
advantageous, and the investment cost reduces from MUS$ 110.00 to MUS$ 100.00. Also, 
the number of new lines that were added to the network considering the corridor powering is 
smaller.  
Repowering is cheaper than building a new line [13], and for that reason the total ex-
pansion plan for the same period is cheaper when repowering is considered. 
Again, package MATPOWER [41] was used to run load flows for the operational case 
considering the optimal system’s topology, and the error with respect to the linearized model 
are shown in Table 2.12. 
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Table 2.12 – Operational point deviation – expansion planning - repowering– Garver system 
V i,t,c Ѳ i,t,c P ij,y,t,c Q ij,y,t,c
Maximum 1.09 1.35 3.86 7.88
Mean 1.02 1.15 2.17 1.44
VARIABLE
Deviation (%)
 
2.7 MULTISTAGE LINEARIZED BRANCH FLOW MODEL FOR AC TRANSMIS-
SION EXPANSION PLANNING 
This section describes the incorporation of multiple stages to the model with objective 
function (31) and constraints (42)-(66). The investment formulation depends on the multistage 
nature, so the line binary variables need the inclusion of the   index. The idea of this model is 
to make an optimal decision about investing or not in new lines (by determining binary varia-
bles       ). Moreover, if the investment is necessary, it is important to determine when it will 
be made. 
The objective function and the constraints of the proposed model require including in-
dex  , whenever appropriate. The adapted model is described below based on its main blocks. 
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                                                      (142) 
                                                                     (143) 
                                                {   }                       (144) 
The summary of multistage linearized AC model that allows line investments only is 
shown below. 
Linearized AC model for TEP problem – Multistage line investments only 
Objective Function:  (116)-(118) 
Constraints:  (119)-(144) 
In order to make a test simulation for this mathematical model, the Garver 6-bus sys-
tem was selected. Assume that the expansion planning comprises three stages. For the base 
case, the total load is 456 MW and 42 MVAR, for the second stage is 608 MW and 56 
MVAR, and for the last one is 760 MW and 70 MVAR. 
From Table 2.13 it is possible to see the optimal expansion plan considering the multi-
stage linearized AC model. In stage 1, it is required one new line in corridor 4–6, then in stage 
2 one new line is needed in corridor 3–5. Finally, in the stage 3 two new lines are required, in 
corridors 2–6 and 4–6. The expansion plan has an investment cost of MUS$ 65.55. By com-
paring Tables 2.13 and 2.3, the expansion planning resulted in a smaller investment cost, with 
the same investment lines. The difference is the stage when the lines are required to be added 
to the network. 
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Table 2.13 – Multistage expansion planning solution considering only new line investment – Garver 
system 
2 6 1
4 6 1
3
4 6 1
65.552 3 5 1
Investment 
Cost        
[MUS$]
1
Corridor
Stage
i j
New 
Lines
 
The investment cost for the expansion plan depends on the annual discount rate value 
and the start operation year of the stage. By comparing Tables 2.3 and 2.13, it is possible to 
get the idea of the advantage of using the multistage option when doing the TEP analysis be-
cause the value of the money through the time. According to the financial mathematic theory, 
it is possible to understand that it is necessary to invest in the right stage. 
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3 PROPOSED INTEGRATED  
In the previous chapter, the Garver 6-bus system was used to evaluate each feature of 
the proposed transmission planning model. In this chapter the Garver system is used once 
more in order to evaluate the performance and the accuracy of the proposed integrated model 
and the search space reduction strategy.  
The proposed integrated model to solve the TEP and RPP problem was implemented 
in the mathematical modeling language (AMPL) [39] and each model was solved by the op-
timization commercial solver CPLEX [40]. The simulations involving the Garver system were 
carried out in a computer with 4Gb RAM and Intel ® Core (TM) i5 processor. 
For the sake of a better understanding about the performance of the solution for the 
TEP problem, in this chapter the simulations are compared in terms of the optimal plan in-
vestment and the computational time. Moreover, some specific tests were carried out for the 
proposed integrated model using the Garver system in order to verify the reliability level of 
the solution when using it to solve the TEP and RPP problem. 
3.1 PROPOSED INTEGRATED MODEL 
The proposed integrated mathematical model considering conventional and non-
conventional solutions is shown below. 
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(199) 
The interpretation of each equation (objective function and constraints) was done in 
Chapter 2. A summary of the proposed model is shown below. 
Proposed Integrated linearized AC model for TEP problem  
Objective Function: (145)-(147) 
Constraints: (148)-(199) 
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3.1.1 GARVER 6-BUS SYSTEM [9] 
The Garver 6-bus system [9] is shown again in Figure 3.1. This system is a very well-
known small-sized system related to expansion planning researches and contains 6 buses, 6 
corridors, 3 generators and 5 loads, with a maximum generation of 1130 MW and 415 MVAR 
[37]. Assume that the expansion planning comprises three stages. For the base case, the total 
load is 456 MW and 42 MVAR [37], for the second stage is 608 MW and 56 MVAR [37], 
and for the last one is 760 MW and 70 MVAR [37]. 
Figure 3.1 – Garver System. Adapted from [9]. 
The first test considers that the nodal voltage magnitudes are within the range 0.95-
1.05 p.u.. The network reconfiguration candidate involves buses (2-4|6)
1
, and the corridor 
repowering candidate involves branches (2-3) and (3-5). 
The expansion planning solution for this example problem is shown in Table 3.1, and 
the one-line diagram is shown in Figure 3.2. Table 2.5 of Section 2.4 shows the expansion 
plan for the Garver system considering (N-1) security constraints, including 8 corridors. In 
this test the same assumptions were made about the contingency corridors. The one difference 
between Section 2.4 and this simulation is the load level along the time. The load in Section 
2.4 is the load in the first stage in this test, so the idea is to consider an increasing load for the 
next stages, as described in the beginning of the Section 3.1.1. 
                                                 
1
 The existing line is (2-4); lines (2-6) and (4-6) replace line (2-4) after reconfiguration. 
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Table 3.1 – Expansion planning solution – 3 stages – integrated model – Garver 6-bus system [9] – first 
test 
Bus
1
1
4 6 1
1
Reconfigure
Repower (3-5)
14 6
Repower (2-3)
3
51.66
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
4 2
2 2
Investment 
Cost         
[MUS$]
1
2
 
 
Figure 3.2 – One-line diagram corresponding to the optimal expansion plan. 
Comparing the investment plans of Tables 3.1 and 2.5, the investment cost goes down 
from MUS$ 140.00 to MUS$ 51.66. As the load for the total period increased, it was expected 
that more new lines would be allocated. A major advantage of the proposed integrated model 
is the possibility of using non-conventional solutions. For example, according to Table 3.1, 
the first stage requires two non-conventional solutions, namely the reconfiguration (2-4|6) and 
the repowering of (3-5), and two reactive power sources at bus 4. Then, in the second stage 
one new line (4-6) and two reactive power sources at bus 2 are required. Finally, in the third 
stage another new line (4-6) and the repowering of (2-3) are required. 
The total computational time for solving this TEP problem test was approximately 195 
seconds. 
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A second simulation was carried out with the integrated model, using the same power 
system, however, the voltage conditions were modified, being now within the range 0.98-1.05 
p.u.. 
The expansion planning solution for this example problem can be seen in Table 3.2, in 
which it is possible to obtain the investment required for each stage under the same assump-
tions. 
Table 3.2 – Expansion planning solution – 3 stages – integrated model – Garver 6-bus system [9] – sec-
ond test 
Bus
1 2 1
1 4 3
4 6 1
1
2
Repower (2-3)
3
51.76
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
2 1
Investment 
Cost         
[MUS$]
1
Reconfigure
Repower (3-5)
14 6
 
By comparing Tables 3.2 and 3.1, it is possible to verify the need of adding another 
reactive power source. Therefore, the total investment cost increased from MUS$ 51.66 up to 
MUS$ 51.76. Tables 3.1 and 3.2 show that the lines are added in the same stages. 
The total computational time for this TEP problem test was approximately 7 minutes. 
Another simulation considered the voltage magnitudes varying from 0.95 p.u. to 1.05 
p.u.. The idea of this test is to increase the cost of each reactive power source from MUS$ 
0.05 up to MUS$ 5.00. 
The expansion planning solution for this example problem can be seen in Table 3.3, in 
which it is possible to obtain the investment required for each stage under the described as-
sumptions. 
68 
 
 
Table 3.3 – Expansion planning solution – 3 stages – integrated model – Garver 6-bus system [9] – 
third test 
Bus
1
1
4 6 1
1
4 6 1
4 2
Repower (3-5)
Repower (2-3)
2
3
62.91
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
Investment 
Cost         
[MUS$]
1
Reconfigure
 
Comparing Tables 3.3 and 3.1, corridor repowering (2-3) occurs in an earlier stage in 
order to eliminate the two reactive power sources at bus 2 at stage 2. Therefore, the total in-
vestment cost increased from MUS$ 51.66 up to MUS$ 62.91. 
The total computational time for this TEP problem test was approximately 10 minutes. 
The final test considered the voltage range between 0.95 and 1.05 p.u.. In this test the 
cost of repowering and reconfiguration solutions are larger than the conventional ones. 
The expansion planning solution for this example problem is shown in Table 3.4. 
Table 3.4 – Expansion planning solution – 3 stages – integrated model – Garver 6-bus system [9] – 
fourth test 
Bus
3 5 1 2 1
4 6 2 4 2
2 6 1
3 5 1
Investment 
Cost         
[MUS$]
1
2 2 6 1
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
3
123.78
2 1
 
From Table 3.4 it is possible to verify the expected investment cost for the TEP and 
RPP plan considering a higher cost of non-conventional solutions. This investment cost goes 
from MUS$ 51.66 in Table 3.1 to MUS$ 123.78 in Table 3.4. The total computational time 
was 16 minutes approximately. 
One final additional test was made to test the quality of the proposed integrated model. 
From Table 3.1 it is possible to obtain the optimal solution considering all the possible con-
ventional and non-conventional solutions. Assume now that no new lines are allowed in cor-
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ridor (4-6). For these new requirements, the expansion planning solution is shown in Table 
3.5. 
Table 3.5 – Expansion planning solution – 3 stages – integrated model – Garver 6-bus system [9] – fifth 
test 
Bus
1
1
2 4 1 2 1
2 6 2 4 1
3
83.56
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
2 1
Investment 
Cost        
[MUS$]
1
2
4 2
Reconfigure
Repower (3-5)
12 4
 
The proposed integrated model obtained a new optimal solution for each new assump-
tion. As expected, the new investment cost solution in Table 3.5 is larger than the investment 
in Table 3.1. The total computational time was 24 minutes, approximately. 
3.2 PROPOSED SEARCH SPACE REDUCTION STRATEGY 
The computational time basically depends on the size of the search space, defined by 
the number of binary variables in the model. The complexity of the problem is related to 2
n
, 
where n is the number of decision variables.  
In [5, 10], a search space reduction strategy was proposed to decrease the computa-
tional effort to solve the TEP problem using a linear disjunctive model with some modifica-
tions to include contingencies. Also, this strategy was applied in [3] to solve TEP problem 
using a linearized AC model. As mentioned in [3], a complex model as the one proposed in 
this work requires a search space reduction strategy to reduce this complexity, which will be 
reflected in the computational time and effort. The strategy proposed in [5, 10] is based on 
eliminating only those corridors that are not attractive for the problem, as described below. 
a) Solve the TEP problem for each time stage, as if it were a static problem, and select n 
solutions. 
b) If m is the total number of stages, determine a set with all the solutions in step a).  
c) For a new set, eliminate all repeated corridors in step b). This new set will form the new 
database for the full model. 
70 
 
 
The simple, innovative search space reduction strategy proposed in this research is 
based on finding the total number of possible solutions that could have positive effects over 
the network, thus eliminating the less important ones. Also, the proposed strategy evaluates 
the maximum number of parallel lines of each corridor. It is important to mention that this 
technique can be expanded to the reactive power source candidates. 
The main goal is to implement this novel strategy to the proposed integrated model. 
Proposed Integrated linearized AC model for TEP problem  
Objective Function: (145)-(147) 
Constraints: (148)-(199) 
The technique described below, adapted from [3, 5, 10], is especially efficient for 
large sized transmission networks and multistage models that also include security con-
straints.  
1. Solve the TEP problem for each time stage, as if it were a static problem. A set of solu-
tions (pool) is created for each stage, containing a number of the best ones. This number 
depends on directive “populatelim” from AMPL [39]. 
2. Find out all the decision variables that result insignificant for every stage of the expan-
sion planning problem, so they could be removed from the complete TEP problem data-
base. Also, the candidates that never appear in the pool are labeled as the insignificant 
ones.  
3. Remove the candidate lines that are insignificant, and also decrease the maximum num-
ber of parallel lines of each corridor in the database. 
4. Run the complete TEP model, now with the reduced number of candidates. 
There is a simple difference between the proposed strategy and the strategy of [5, 10]. 
In step 3 of the proposed strategy the maximum number of parallel lines of each corridor is 
reduced in the database. This simple idea would end up in a high-quality solution for the 
complete multistage TEP problem, at a lower computational cost. The idea of obtaining a pool 
of solutions by initially solving for each stage separately aims to reduce the search space, and 
consequently to result in a computationally feasible multistage model solution. Even though it 
is theoretically possible that the overall optimal solution lies outside the reduced search space, 
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in practice this possibility is very slim, once the search space reduction procedure is based on 
eliminating only those investment alternatives from each stage which are clearly inadequate. 
3.2.1 IEEE 24-BUS SYSTEM  
In order to exemplify the idea of the search space reduction strategy, next follows a 
simple example taken from [5]. There, the IEEE-24 bus system was used as case study. The 
authors used a disjunctive linear model. 
According to [5], the IEEE-24 bus system has 41 corridors, 10 generators, 17 load 
buses with a total amount of 8550 MW in the first stage, 8988 MW in the second stage and 
9437 MW in third stage. A maximum of five lines is available per corridor, and the test sys-
tem including the candidate lines is shown in Figure 3.3. The system data was taken from [43, 
44]. The TEP problem has three planning stages. 
 
Figure 3.3 – Search space reduction strategy test – IEEE 24-bus system. Source: [5]. 
The authors of [5] used a contingency list composed by 22 transmission lines, which 
represent approximately 54% of the total number of transmission lines. The result for the TEP 
72 
 
 
problem without using the search space reduction strategy [5] is shown in Table 3.6. It is im-
portant to note that the model used in this simulation was the following. 
Disjunctive model 
Objective Function:  (1) 
Constraints:  (2)-(12) 
In order to insert the (N-1) criterion and the multistage analysis in this model, indexes 
  and   related to the contingency and multistage analysis were required in the objective func-
tion (1) and constraints (2)-(12), adapting the same variables and parameters as described in 
the constraints (72)-(93) and (119)-(144). 
Table 3.6 – Expansion planning solution 3 stages – without search space reduction strategy – IEEE 24-
bus system [5] 
1 5 1
3 24 1
4 9 1
6 10 2
7 8 1
10 12 1
15 24 1
14 23 1
2
3 7 8 1
Investment 
Cost           
[US$]
1
362.64
Corridor
Stage
i j
Number 
of new 
Lines
 
The total simulation time was 4.1 hours. Although it is not necessary to apply the 
search space reduction strategy in this case due to the relatively short simulation time consid-
ering the planning environment, it was applied in [5] in order to illustrate the performance of 
the strategy. 
The following CPLEX [40] directives were used in [5]: poolstub = solutions, popu-
latelim = 5, poolgap = 0.05, poolintensity = 4, poolreplace = 2 and populate = 1. Directive 
“poolstub” was used to generate and save the solutions in the pool. The “populatelim” was 
used to establish a limit for the number of solutions in the pool, and it has been defined, for 
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the reduction strategy, as “poolstub=m”. In order to manage the stopping criterion for the 
pool, directive “poolgap” helps to establish the solution with a predefined gap with respect to 
the optimal solution. 
The simulation using the proposed search space reduction strategy lasted approximate-
ly 11 minutes. The model obtained the same investment plan as the full model, with the same 
investment lines, and with a total cost of US$ 362.64.  
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4 SIMULATION RESULTS 
First, a modified IEEE 24-bus system is used to evaluate the proposed integrated line-
arized AC model to solve the TEP and RPP problem. Then, a modified IEEE 118-bus system 
and the IEEE 300-bus system are used to evaluate the performance of the proposed search 
space reduction strategy. 
Some simulations involving the the IEEE 24-bus systems were carried out in a com-
puter with 4Gb RAM and Intel ® Core (TM) i5 processor. All simulations for the IEEE 118-
bus system and some simulations for the IEEE 24-bus system were run in a computer with 
16Gb RAM and Intel ® Core (TM) i7 processor. Finally the simulation involving the IEEE 
300-bus system was run in a dedicated server. 
4.1 PROPOSED INTEGRATED MODEL RESPONSE 
4.1.1 IEEE 24-BUS SYSTEM 
This test system contains 41 corridors, 11 generators and 17 load buses. The data were 
obtained from MATPOWER [41] database. In order to create an appropriate scenario for the 
TEP problem, three lines were removed from the original system, namely (15-24), (11-13), 
and (14-16). The expansion planning was done considering three planning stages (each stage 
is composed by five years). The original load shown in the database was used in the first 
stage. Then, for the second stage a 5% load increment was considered, and an additional 4% 
load increment was considered for the third stage. The contingency list contains eight lines, 
namely (1-2), (1-5), (7-8), (12-13), (3-24), (14-16), (15-21), and (11-13), which represent ap-
proximately 20% of the number of transmission lines of the test network. Fig.4.1 shows the 
one-line diagram of the IEEE 24-bus system. 
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Figure 4.1 – Modified IEEE 24-bus system. Adapted from [5]. 
4.1.1.1 TEP CONSIDERING CONVENTIONAL SOLUTIONS  
The simulations were carried out in a computer with 4Gb RAM and Intel ® Core (TM) 
i5 processor. Table 4.1 shows the results from the multistage TEP problem considering (N-1) 
security constraints for this test system. 
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Table 4.1 – Expansion planning solution – 3 stages – conventional solutions – IEEE 24-bus system 
Bus
3 2
8 2
24 1
4 2
9 2
11 2
12 1
24 1
3 9 1
15 24 2
14 16 1
1
Investment 
Cost       
[MUS$]
1
69.20
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
2
3 19 1
7 8
 
The total computational time for this simulation was approximately 3 hours.  
4.1.1.2 TEP CONSIDERING THE INTEGRATED MODEL 
In order to create a scenario for the TEP problem, three lines were removed from the 
original system, namely (15-24), (11-13), and (14-16). The original load in the database was 
used in the first stage. Then, for the second stage a 5% load increment was considered, and a 
4% load increment was considered for the third stage. The contingency list contains eight 
lines, namely (1-2), (1-5), (6-10), (12-13), (3-24), (14-16), (15-21), (11-13), which represent 
approximately 20% of total number of transmission lines of the test network. 
The buses involved in the network reconfiguration are (15–16|14), and corridor (6-10) 
allows repowering. 
The proposed model is: 
Proposed Integrated linearized AC model for TEP problem  
Objective Function: (145)-(147) 
Constraints: (148)-(199) 
Table 4.2 shows the results for this case. 
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Table 4.2 – Expansion planning solution – 3 stages – considering the integrated model – IEEE 24-bus 
system 
Bus
1 3 1
1 9 2
3 1
4 1
3 3 9 1
1
Reconfigure (15-16|14)
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
Repower (6 - 10)
25.16
2
 
This test was made in a computer with 16Gb RAM and Intel ® Core (TM) i7 proces-
sor. The total simulation time was approximately 17 minutes. 
An additional simulation was made considering different voltage limits, set to 0.98 and 
1.05 p.u.. 
The expansion planning solution for this case is shown in Table 4.3 
Table 4.3 – Expansion planning solution – 3 stages – considering the integrated model – IEEE 24-bus 
system – second test 
Bus
3 2
4 2
9 2
11 2
12 2
9 11 1
15 24 1
79.82
2 3
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
8 13
Reconfigure (15-16-14)
Repower (6 - 10) 1
1
1
9 1
 
Comparing the results of Table 4.2 (voltage limits within 0.95 and 1.05 pu) and Table 
4.3 (considering voltage limits within 0.98 and 1.05 pu), it is possible to verify an increase of 
the investment cost, due to the new, more strict voltage limits. The new investment cost goes 
from MUS$ 25.16 to MUS$ 79.82. The processing time to obtain the solution was 1.5 hour. 
Table 4.4 summarizes the computational times for each simulation presented in this 
chapter as well as in chapter 3. 
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Table 4.4 – Computational times for the Garver and IEEE 24-bus systems 
Simulation 
Time
Simulation 
Time
V (0.95-1.05)p.u. V (0.95-1.05)p.u.
Reactive Power 
Source Cost 
MUS$0.05
Reactive Power 
Source Cost 
MUS$0.05
8 (N-1) - 9 scenarios 8 (N-1) - 9 scenarios
V (0.98-1.05)p.u. V (0.95-1.05)p.u.
Reactive Power 
Source Cost 
MUS$0.05
Reactive Power 
Source Cost 
MUS$0.05
8 (N-1) - 9 scenarios 8 (N-1) - 9 scenarios
V (0.95-1.05)p.u. V (0.98-1.05)p.u.
Reactive Power 
Source Cost 
MUS$5.00
Reactive Power 
Source Cost 
MUS$0.05
8 (N-1) - 9 scenarios 8 (N-1) - 9 scenarios
V (0.95-1.05)p.u.
Reactive Power 
Source Cost 
MUS$0.05
8 (N-1) - 9 scenarios
V (0.95-1.05)p.u.
Reactive Power 
Source Cost 
MUS$0.05
8 (N-1) - 9 scenarios
1.5 hours
16 Gb - i7 
processor - 
less 
posibles 
per corridor
Assumptions
3 hours
4 Gb - i5 
processor - 
all corridors 
available
17 minutes
Conventional 
cheaper than 
non-
conventional
Allowing just 
one new line 
posibillity in  
corridor 4-6
24 minutes
195 
seconds
7 minutes
10 minutes
16 minutes
Non-
conventional 
solutions 
cheaper than 
conventional 
ones
Assumptions
 
From Table 4.4 it is possible to obtain a relationship between the number of require-
ments and the computational time. Even for the Garver 6-bus system, when the requirements 
are modified or the possible candidate solutions increase, the computational time also increas-
es. For the IEEE 24-bus system, when considering every corridor as candidate with two new 
lines, the computational time was 3 hours. 
It is possible to see that the larger the system, and/or the larger the number of decision 
variables, the problem becomes computationally heavier. 
79 
 
4.2 PROPOSED SEARCH SPACE REDUCTION STRATEGY RESPONSE 
4.2.1 IEEE 24-BUS SYSTEM 
This test system contains 41 corridors, 11 generators and 17 load buses. The data were 
obtained from MATPOWER [41] database. In order to create an appropriate scenario for the 
TEP problem, three lines were removed from the original system, namely (15-24), (11-13), 
and (14-16). 
The expansion planning was done considering three planning stages (each stage is 
composed by five years). The original load shown in the database was used in the first stage. 
Then, for the second stage a 5% load increment was considered, and an additional 4% load 
increment was considered for the third stage. The contingency list contains eight lines, namely 
(1-2), (1-5), (7-8), (12-13), (3-24), (14-16), (15-21), and (11-13). 
4.2.1.1 TEP WITH CONVENTIONAL SOLUTIONS AND SEARCH SPACE REDUC-
TION 
The search space reduction strategy was applied to the problem of Section 4.1.1.1. The 
solution obtained considering the search space reduction strategy was the same as shown in 
Section 4.1.1.1. 
The processing time was reduced from 3 hours to only 4.5 minutes. This result clearly 
justifies the discussion of the high quality solution provided by the model, once the global 
optimal solution was located within the reduced search space. 
As mentioned earlier, the computational time basically depends on the size of the 
search space, defined by the number of binary variables in the model. The original candidates 
comprise 19 possible corridors considering decision variables        (associated to the con-
struction of new lines) only. So, the reduction from         to        leads to very significant 
time savings [3]. 
Another test was carried out for the IEEE 24-bus system to take advantage of the 
search space reduction strategy. Now, (N-1) contingencies were allowed in all the possible 
corridors, so there were 35 possible operational scenarios.  
The model is: 
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Linearized AC model for TEP problem – Multistage line investments only 
Objective Function:  (116)-(118) 
Constraints:  (119)-(144) 
In order to insert the (N-1) criterion in this model, index   (related to the contingency 
analysis) was added to constraints (119)-(144), adapting the same variables and parameters as 
described in constraints (72)-(93). 
Table 4.5 shows the solution for this TEP problem. Now, the model finds the solution 
with three new lines and five new reactive power sources in the first stage, then one new line 
and three more reactive power sources in the second one, and finally, one more new line in 
the last stage. All this equipment result in an investment of MUS$101.97 for the transmission 
expansion plan. 
Table 4.5 – Expansion planning solution 3 stages – considering conventional solutions with search space reduc-
tion – IEEE 24-bus system 
Bus
6 10 1 3 2
14 16 1 4 1
15 24 1 8 2
9 2
11 1
7 8 1
Investment 
Cost       
[MUS$]
1
101.97
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
2
3 9 13
 
 
The processing time to obtain the solution was 76 minutes, as compared to 3 hours 
when the contingency list was shorter and search space reduction strategy was not considered. 
4.2.1.2 TEP WITH INTEGRATED MODEL AND SEARCH SPACE REDUCTION 
STRATEGY 
Still considering the IEEE 24-bus system, the buses involved in the network reconfig-
uration are (15–16|14), and repowering is allowed in corridor (6-10). Contingencies are con-
sidered in all corridors.  
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In this example it is possible to verify the behavior of the search space reduction strat-
egy. The directives used in AMPL [39] were: poolstub = solutions, populatelim = 5, poolgap 
= 0.05, poolintensity = 4, poolreplace = 2 and populate = 1. The simulation in order to ob-
tain the optimal solution by using the search space reduction strategy generates a pool with 
five possible plan candidates. In the next three tables those possible solutions are shown, for 
each stage individually. 
In Table 4.6 is possible to identify all candidates that were stored in the pool when 
solving the problem for the first stage only. 
Table 4.6 – Static expansion planning solution first stage – integrated model -– IEEE 24-bus system 
1
1
17 18 1
14 16 1
15 24 1
Number 
of new 
Lines
1
Reconfigure (15-16-14)
Repower (6 - 10)
Corridor
Stage
i j
 
In Table 4.7 is possible to identify all candidates that were stored in the pool when 
solving the problem for the second stage only. 
Table 4.7 – Static expansion planning solution second stage – integrated model – IEEE 24-bus system 
1
1
17 18 1
20 23 1
7 8 1
3 24 1
15 24 1
Number 
of new 
Lines
2
Reconfigure (15-16-14)
Repower (6 - 10)
Corridor
Stage
i j
 
In Table 4.8 is possible to identify all candidates that were stored in the pool when 
solving the problem for the third stage only. 
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Table 4.8 – Static expansion planning solution third stage – integrated model – IEEE 24-bus system 
1
1
7 8 1
20 23 1
3 9 1
3 24 1
15 24 1
Number 
of new 
Lines
3
Reconfigure (15-16-14)
Repower (6 - 10)
Corridor
Stage
i j
 
The idea for the search space reduction strategy is to make the union of all possible so-
lutions and consider them in the multistage problem. 
Table 4.9 shows the expansion planning for this test, after applying the search space 
reduction strategy. 
Table 4.9 – Expansion planning solution 3 stages – considering the integrated model – IEEE 24-bus 
system 
Bus
3 2
4 2
1 8 2
1 12 1
9 2
11 2
3 15 24 1
1
2 7 8 1
Reconfigure (15-16|14)
Investment 
Cost       
[MUS$]
1
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
Repower (6 - 10)
3
51.02
9
 
Comparing the results of Table 4.5 (conventional solutions only) with the results con-
sidering non-conventional solutions of Table 4.9, it is possible to verify the reduction in the 
investment cost, confirming the advantage of repowering and reconfiguration working togeth-
er. The investment in this case was MUS$51.02. The processing time to obtain the solution 
was 43 minutes, as compared to 3 hours when the contingency list was shorter and search 
space reduction strategy was not considered. 
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4.2.2 IEEE 118-BUS SYSTEM 
This test system contains 186 corridors and 54 generators [35]. In the modified case, in 
order to create possible congestions, some lines were removed, and the maximum line limits 
were reduced as well [45]. All the data for this study were obtained from LaPSEE [44]. The 
contingency list is composed by lines (1-3), (25-27), (38-65), (77-78), (80-99), and (86-87). 
Figure 4.2 shows the system used in the simulations. The transmission expansion problem 
comprises three planning stages (each stage is composed by five years).  
 
Figure 4.2 – IEEE 118-bus system. Adapted from [35]. 
4.2.2.1 TEP WITH CONVENTIONAL SOLUTIONS AND SEARCH SPACE REDUC-
TION STRATEGY 
According to [3], without the proposed search space reduction strategy, there is a pos-
sible investment in 25 of 179 transmission corridors. Also, a maximum of two reactive power 
sources could be added at each load bus. Due to the large-sized network, it was necessary to 
use the search space reduction strategy, and it causes a reduction of the total database from 25 
to 13 candidate lines. 
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In addition, when the model considered all the 25 candidate corridors, at most two 
lines could be added in those candidate corridors. Another advantage of the proposed reduc-
tion strategy is that in some corridors the maximum is only one line per candidate.  
After applying the search space reduction strategy, the candidate lines were reduced to 
(1-3), (8-9), (8-5), (9-10), (25-27), (26-30), (38-37), (69-77), (77-78), (86-87), (93-94), (99-
100), and (12-117). The original candidates included 25 possible corridors in terms of the 
decision variables        (associated to the construction of new lines) only, therefore, the re-
duction from         to         leads to very significant time savings. Table 4.10 shows the 
results from the multistage TEP problem considering (N-1) security constraints and the reduc-
tion strategy to this test system [3]. The computational time of this simulation was approxi-
mately 170 seconds. The total investment is MUS$ 26.67. 
Table 4.10 – Expansion planning solution three stages – considering the addition of new lines and reac-
tive power sources, with search space reduction strategy – IEEE 118-bus system 
Bus
8 9 1
9 10 1
99 100 1
37 38 1 93 1
77 78 1 95 1
26 30 1
93 94 1
Investment 
Cost       
[MUS$]
1
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
26.67
3
79 1
94 1
2
 
From Table 4.10, it is clear that the solution proposes three new lines and one reactive 
power source in the first stage; then two new lines and two reactive power sources in the sec-
ond stage and finally two new lines and one new reactive power source in the last stage.  
Another test was carried out increasing the number of contingencies. The new re-
quirement is to duplicate the number of contingencies, representing almost 10% of the corri-
dors. In the contingency list were added the following lines (1-2), (4-5), (15-17), (60-61), (64-
65), (12-117). The solution for this new TEP problem is shown in Table 4.11.  
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Table 4.11 – Expansion planning solution three stages – considering the construction of new lines and 
reactive power sources with search space reduction strategy– IEEE 118-bus system 
Bus
8 9 1
9 10 1
12 117 1
99 100 1
37 38 1
77 78 1
26 30 1
93 94 1
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
39.71
1
93 1
3
78 1
94 1
2
 
The computational time involved in this solution model was approximately 480 sec-
onds. The total investment is MUS$ 39.71. 
4.2.2.2 TEP WITH THE INTEGRATED MODEL AND SEARCH SPACE REDUCTION 
STRATEGY 
The reconfiguration involves buses (12–14|117). Also, repowering is allowed at corri-
dor (77-78). In this new test only four operational scenarios (one normal and three contingen-
cy) were considered: (77-78), (80-99), (12-117). The solution for this TEP problem is shown 
in Table 4.12.  
Table 4.12 – Expansion planning solution three stages – considering the integrated model for four oper-
ational scenarios – IEEE 118-bus system 
Bus
8 9 1
9 10 1
1
99 100 1
2 1 93 1
26 30 1
93 94 1
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
24.39
1
3
79 1
94 1
Reconfigurate (12-14|117)
Repower (77-78)
 
The computational time for this simulation was approximately 380 seconds. The total 
investment is MUS$ 24.39. 
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4.2.3 IEEE 300-BUS SYSTEM 
This test system contains 411 corridors and 69 generators [46]. All the data for this 
study were obtained from LABS [46]. Figure 4.3 shows the system adapted and used in the 
simulations. 
A simple example simulation was made over this test system under the following as-
sumptions. Voltage limits are 0.98 and 1.05 pu. The cost of each new reactive power source is 
MUS$0.05. The maximum number of reactive power sources per bus is six. The analysis is 
for one static stage, there are not any contingency corridors, the original load was modified 
and the new load represents the 30% of the original load and 39 lines were removed (203-
211), (204-205), (205-206), (206-207), (206-208), (212-215), (213-214), (214-215), (214-
242), (215-216), (216-217), (217-218), (217-219), (217-220), (219-237), (218-220), (220-
221), (220-238), (221-223), (222-237), (224-225), (224-226), (191-225), (226-231), (227-
231), (228-229), (228-231), (228-234), (190-229), (231-232), (231-237), (232-233), (234-
235), (234-237), (3-1), (3-2), (3-4), (7-5), (7-6) in order to create an appropriate scenario for 
the TEP problem. 
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Figure 4.3 –Original IEEE 300-bus system. Source: [47]. 
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4.2.3.1 TEP WITH CONVENTIONAL SOLUTIONS WITHOUT SEARCH SPACE RE-
DUCTION STRATEGY 
In order to solve this TEP problem the current database is composed by two corridors 
with a maximum of two new lines in each corridor (80-211), (81-194); and fifty-two corridors 
with a maximum of one new line per corridor (118-1201), (120-1201), (137-188), (139-172), 
(143-149), (145-146), (184-185), (186-188), (190-240), (191-192), (203-211), (204-205), 
(205-206), (206-207), (206-208), (212-215), (213-214), (214-215), (214-242), (215-216), 
(216-217), (217-218), (217-219), (217-220), (219-237), (218-220), (220-221), (220-238), 
(221-223), (222-237), (224-225), (224-226), (191-225), (226-231), (227-231), (228-229), 
(228-231), (228-234), (190-229), (231-232), (231-237), (232-233), (234-235), (234-237), 
(243-244), (243-245), (115-121), (122-157), (153-183), (155-156), (55-7055), (71-7071). 
Table 4.13 shows the results from the static TEP problem considering only conven-
tional solutions. The computational time of this simulation was approximately 400 seconds. 
The total investment is MUS$ 249.30. 
Table 4.13 – Expansion planning solution one static stage – considering the addition of new lines and 
reactive power sources – IEEE 300-bus system 
Bus
206 208 1
214 215 1
216 217 1
217 219 1
214 242 1
224 226 1
226 231 1
228 231 1
231 232 1 9044 1
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
249.301
192 1
225 1
281 2
228 1
 
4.2.3.2 TEP WITH CONVENTIONAL SOLUTIONS AND SEARCH SPACE REDUC-
TION STRATEGY 
Since this is a large-sized network, it was necessary to use the search space reduction 
strategy, causing a reduction of the total database from 54 to 21 candidate corridors. 
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In addition, when the model considered all the 54 candidate lines, there were two cor-
ridors allowing at most two lines that could be added in those candidate corridors, the other 
corridors allow just one new line. Another advantage of the proposed reduction strategy is that 
in some corridors the maximum is only one line per candidate.  
After applying the search space reduction strategy, the candidate lines were reduced to 
(205-206), (206-207), (206-208), (214-215), (214-242), (216-217), (217-219), (224-226), 
(226-231), (227-231), (228-231), (231-232), (242-245), (243-244), (243-245), (115-121), 
(122-157), (153-183), (155-156), (55-7055), and (71-7071). The original candidates com-
prised 54 possible corridors, so the new reduced search space represents a reduction, in terms 
of decision variables        (associated to the construction of new lines) only, from  
           
to        , which leads to very significant time savings. 
The solution obtained, after the search space reduction strategy was applied, shows the 
same expansion plan with the same investment cost. The computational time of this simula-
tion was approximately 185 seconds. 
4.2.3.3 TEP WITH INTEGRATED MODEL AND SEARCH SPACE REDUCTION 
STRATEGY 
Still considering the IEEE 300-bus system, the buses involved in the network recon-
figuration are (242–245|214). Table 4.14 shows the expansion planning for this test. 
Comparing the results considering just conventional solutions in Table 4.13 with the 
results considering non-conventional solution in Table 4.14, it is possible to verify the reduc-
tion in the investment cost, confirming the advantage of the network reconfiguration. 
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Table 4.14 – Expansion planning solution one static stage – integrated model – search space reduction – 
IEEE 300-bus system 
Bus
206 208 1
214 215 1
216 217 1
217 219 1
224 226 1
226 231 1
228 231 1
231 232 1
1 9044 1
221.301
192 1
225 1
281 2
228 1
Reconfigurate
Investment 
Cost       
[MUS$]
i
Reactive 
power 
sources
Corridor
Stage
i j
Number 
of new 
Lines
 
The investment in this case was MUS$221.30. The processing time to obtain the solu-
tion was 18 seconds, as compared to 400 seconds when just the conventional solutions were 
considered and search space reduction strategy was not considered or 185 seconds when just 
the conventional solutions and search space reduction strategy were considered. 
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5 CONCLUSION 
This research work presented a novel integrated mathematical model to solve TEP and 
RPP problem, considering as the main contributions the inclusion of conventional and non-
conventional solutions (reconfiguration and repowering) in a unique integrated model. Also, 
the integrated problem is solved quite efficiently by using the proposed search space reduction 
strategy. 
The proposed integrated model reacts as expected when considering one by one the 
characteristic of each possible solution or each planner requirements, for example: the addi-
tion of (N-1) security candidates resulted in an increase in the total investment plan of the 
multistage TEP problem, and so on and so forth. 
The operational conditions remain under normal operation after applying the network 
reconfiguration and/or corridor repowering in order to find a cheaper solution for the TEP 
problem. 
When applying the search space reduction strategy, the proposed integrated model 
finds a high quality solution that is the same when the strategy is not considered. This sup-
ports the proposed search space reduction strategy as a great candidate to be considered when 
working with larger systems. 
The proposed model is easy to adapt to any requirements from the planners, since they 
appear as constraint blocks in the model. 
The processing time for solving the concurrent AC multistage transmission expansion 
and reactive power planning problem with security constraints was significantly reduced by 
using the innovative reduction search space strategy proposed in this work. 
Since a solution pool technique was used, it is assumed that a high quality solution 
was obtained for each system, since the insignificant candidate lines were removed from the 
solution pool. 
The application of the search space reduction strategy resulted in excellent perfor-
mance for all of the test system: 24, 118 and 300-bus systems with very good processing 
times.  
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This research allows the opening of new paths to obtain new strategies in order to re-
duce the computational time and effort. Therefore, it is recommended that this research con-
tinues in order to develop further, even more efficient strategies. 
Since electrical power systems have been changing significantly all around the world, 
the consideration of demand uncertainties must be considered in a future work, in the path 
towards including the stochastic characteristics of the load. 
Also, the inclusion of intermittent generation, for example wind and photovoltaic sys-
tems must be considered in the proposed model because of their flexible nature and increasing 
installation rate. 
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ANNEX A – GARVER SYSTEM NETWORK DATABASE 
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param :     ob:  tipo  cg  gshb  bshb  mmax:= 
             1    3     5     0     0     0 
             2    0     0     0     0     3 
             3    2    20     0     0     0 
             4    0     0     0     0     3 
             5    0     0     0     0     3 
             6    2    35     0     0     0; 
 
param :     ol:  Smaxl    rl    xl    bshll   cl   n0  nmax := 
1    2     100   0.10    0.40     0.018     40      1       2 
1    3     100   0.09    0.38     0.018     38      0       3 
1    4      80   0.15    0.60     0.062     60      1       2 
1    5     100   0.05    0.20     0.050     20      1       2 
1    6      70   0.17    0.68     0.021     68      0       3 
2    3     100   0.05    0.20     0.044     20      1       2 
2    4     100   0.10    0.40     0.046     40      1       2 
2    5     100   0.08    0.31     0.012     31      0       3 
2    6     100   0.08    0.30     0.011     30      0       3 
3    4      82   0.15    0.59     0.029     59      0       3 
3    5     100   0.05    0.20     0.010     20      1       2 
3    6     100   0.12    0.48     0.021     48      0       3 
4    5      75   0.16    0.63     0.024     63      0       3 
4    6     100   0.08    0.30     0.090     30      0       3 
5    6      78   0.15    0.61     0.049     61      0       3; 
 
param: T:  iy:= 
       1    5  
       2   10  
       3   15; 
 
 
 
 
 
 
# Contingency Matrix Declaration 
param Ncont:  0   1   2   3   4   5   6   7   8:= 
       1  2   0   1   0   0   0   0   0   0   0 
       1  3   0   0   0   0   0   0   0   0   0 
       1  4   0   0   1   0   0   0   0   0   0 
       1  5   0   0   0   1   0   0   0   0   0 
       1  6   0   0   0   0   0   0   0   0   0 
       2  3   0   0   0   0   1   0   0   0   0 
       2  4   0   0   0   0   0   1   0   0   0 
       2  5   0   0   0   0   0   0   0   0   0 
       2  6   0   0   0   0   0   0   1   0   0 
       3  4   0   0   0   0   0   0   0   0   0 
       3  5   0   0   0   0   0   0   0   1   0 
       3  6   0   0   0   0   0   0   0   0   0 
       4  5   0   0   0   0   0   0   0   0   0 
       4  6   0   0   0   0   0   0   0   0   1 
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       5  6   0   0   0   0   0   0   0   0   0; 
 
# Active Load Declaration(MW) 
#    ob                 T 
param Pd:= 
[*,*,1]:         1       2       3 := 
     1       48.00   64.00   80.00 
     2      144.00  192.00  240.00 
     3       24.00   32.00   40.00 
     4       96.00  128.00  160.00 
     5      144.00  192.00  240.00 
     6        0.00    0.00    0.00; 
# Reactive Load Declaration(MVAr) 
#    ob                  T 
param Qd:= 
[*,*,1]:         1       2       3 := 
     1       12.00   16.00   20.00 
     2        0.00    0.00    0.00 
     3        6.00    8.00   10.00 
     4       24.00   32.00   40.00 
     5        0.00    0.00    0.00 
     6        0.00    0.00    0.00; 
 
# Generation Data 
# Active generation maximum limit(MW) 
#    ob                  T 
param Pgmax := 
[*,*,1]:        1       2       3 := 
     1      160.0   160.0   160.0 
     2        0.0     0.0     0.0 
     3      360.0   360.0   360.0 
     4        0.0     0.0     0.0 
     5        0.0     0.0     0.0 
     6      610.0   610.0   610.0; 
# Reactive generation maximum limit (MVAr) 
#    ob                  T 
param Qgmax := 
[*,*,1]:        1       2       3 := 
     1       65.0    65.0    65.0 
     2        0.0     0.0     0.0 
     3      150.0   150.0   150.0 
     4        0.0     0.0     0.0 
     5        0.0     0.0     0.0 
     6      200.0   200.0   200.0; 
 
# Reactive generation minimum limit (MVAr) 
#    ob                  T 
param Qgmin := 
[*,*,1]:        1       2       3 := 
     1      -10.0   -10.0   -10.0 
     2        0.0     0.0     0.0 
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     3      -10.0   -10.0   -10.0 
     4        0.0     0.0     0.0 
     5        0.0     0.0     0.0 
     6      -10.0   -10.0   -10.0; 
 
param thmax := 1.5708; 
param Sbase := 100; 
 
param Vnom := 1.00; 
param Vmax := 1.05; 
param Vmin := 0.95; 
 
param bshbp := 0.2; 
param cshb := 0.05; 
 
